The assembly of eukaryotic ribosomes is a complex process that requires several hundred assembly factors located in different cellular compartments [1] [2] [3] . One key step is the export of nascent premature subunits through the nuclear pore complex to the cytoplasm for the final steps of maturation 3, 4 . The nuclear export of both pre-40S 5 and pre-60S particles 6,7 is dependent on the Crm1 (Xpo1) pathway and is further regulated by the Ran GTPase cycle 8 . Nmd3 is a highly conserved protein in all eukaryotes that functions as a specific adaptor protein for pre-60S export 9,10 . Nmd3 contains a nuclear-export-signal sequence at its C terminus that is responsible for the recruitment of Crm1 to pre-60S particles [10] [11] [12] . Besides Nmd3, a few other adaptor proteins, including Arx1 (refs. 13, 14) , Rrp12 (ref. 15), Ecm1 (ref. 16), Bud20 (ref. 17) and the Mex67-Mtr2 complex 18, 19 , are also part of the nuclear export machinery for pre-60S particles, but they function in a Crm1-independent manner.
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The nuclear recruitment of Nmd3 to pre-60S particles is dependent on the departure of Nog2, an assembly factor whose binding site overlaps with that of . The cytoplasmic release of Nmd3 from pre-60S particles requires the loading of the late ribosomal protein uL16 and is promoted by the GTPase Lsg1 (refs. 23,24) . Previous low-resolution cryo-EM 22 and UV cross-linking 20 data indicated that Nmd3 binds at the intersubunit face of the 60S subunits adjacent to the binding site of uL16, consistent with reported genetic interactions between Nmd3 and uL16 (refs. 24,25) . Given the highly specific role of Nmd3 in pre-60S export, it was suggested that the binding of Nmd3 might be the last checkpoint for nuclear assembly 4 . Furthermore, Nmd3 remains associated with pre-60S particles for nearly all cytoplasmic maturation events 26 , which further supports the idea of a critical role for Nmd3 in quality control of 60S subunit production.
Although the functional role of Nmd3 is well recognized, its structure, its atomic contacts with 60S subunits, and the underlying molecular mechanism for its removal have remained unclear. In the present study, we purified pre-60S ribosomal particles from S. cerevisiae through epitope-tagged Nmd3 and used cryo-EM to obtain a 3.07-Å structure of the Nmd3 particles. Our structural analysis indicates that four assembly factors-Nmd3, Lsg1, Tif6 and Reh1-are present in a pre-60S complex that typifies a certain cytoplasmic stage lacking a few late-binding proteins. These structural observations highlight the final steps of the cytoplasmic maturation of pre-60S particles, and also provide mechanistic insights into the molecular roles of these factors.
RESULTS

Structural overview of the pre-60S Nmd3 particles
We purified pre-60S particles using epitope-tagged Nmd3 and then subjected them to mass spectrometry (Supplementary Table 1) and single-particle cryo-EM analysis (Supplementary Fig. 1 ). Classification of particles revealed only one predominant structure for the Nmd3 particles (Supplementary Fig. 2 ), which was solved at a nominal resolution of 3.07 Å ( Fig. 1 and Supplementary Fig. 1 ). Starting from the crystal structure of the yeast ribosome 27 , we were able to build an atomic model for the pre-60S structure ( Table 1) . The overall conformation of 25S rRNA in the Nmd3 particles is very close to its mature form, but four regions differ considerably from the crystal structure 27 . These include two long, flexible helices (the L1 stalk and H38), a central helix (H69) and the base of the P0 stalk (H43-H44) A key step in ribosome biogenesis is the nuclear export of pre-ribosomal particles. Nmd3, a highly conserved protein in eukaryotes, is a specific adaptor required for the export of pre-60S particles. Here we used cryo-electron microscopy (cryo-EM) to characterize Saccharomyces cerevisiae pre-60S particles purified with epitope-tagged Nmd3. Our structural analysis indicates that these particles belong to a specific late stage of cytoplasmic pre-60S maturation in which ribosomal proteins uL16, uL10, uL11, eL40 and eL41 are deficient, but ribosome assembly factors Nmd3, Lsg1, Tif6 and Reh1 are present. Nmd3 and Lsg1 are located near the peptidyl-transferase center (PTC). In particular, Nmd3 recognizes the PTC in its near-mature conformation. In contrast, Reh1 is anchored to the exit of the polypeptide tunnel, with its C terminus inserted into the tunnel. These findings pinpoint a structural checkpoint role for Nmd3 in PTC assembly, and provide information about functional and mechanistic roles of these assembly factors in the maturation of the 60S ribosomal subunit. Fig. 3 ). The L1 stalk, together with the already assembled ribosomal protein L1, is in an inward position ( Fig. 1 and Supplementary Fig. 3a,c) , in contrast to the one seen in Nog2 particles 21 . H38 bends toward H69, with its terminal loop ending right below the central protuberance (CP) (Supplementary Fig. 3c,e) . The conformational difference exhibited by H43-H44 is likely due to the fact that the P0 stalk is not fully assembled in Nmd3 particles 19, 26 , because the density at the expected position of P0 is nearly absent. This is consistent with our mass spectrometry data, which showed that both P0 and Yvh1 were present in low abundance in the Nmd3 particles (Supplementary Table 1 ).
(Supplementary
In terms of ribosomal proteins, uL16, uL10, uL11, eL40 and eL41 were clearly missing from the Nmd3 particles ( Supplementary Fig. 3a,b) . eL41, as a single α-helical protein, binds at the subunit interface, with a stronger association with the 40S subunit 27 . Therefore, its absence is not surprising. The deficiency of uL16, uL11 and eL40, which are all late ribosomal proteins assembled in the cytoplasm 1 , correlates well with observed structural differences at H38 and the P0 stalk base, because they are located on the 60S subunit next to H38 and H44, respectively. Notably, the absence of uL16 in the Nmd3 particle complex confirms the previously determined binding order of uL16 and Nmd3 during the assembly of pre-60S particles 23 . Therefore, these observations indicate that the Nmd3 particles purified in this study were a collection of late-stage cytoplasmic pre-60S particles 26 .
Assembly factors in Nmd3 particles
Mass spectrometry data suggested the presence of over a dozen factors in the Nmd3 particles 21 (Supplementary Table 1) . However, only four of them could be identified in the structure: Lsg1, Nmd3, Tif6 and Reh1. In the unsharpened map, a large piece of additional density is seen at the intersubunit face, occupying the position immediately above H69 (Fig. 1a) . This density mass could be readily attributed to Lsg1, as its size matches that of a typical GTPase domain. However, because of the substoichiometric occupancy and the structural flexibility of Lsg1, this mass is highly fragmented in the sharpened map. We therefore reclassified the particles according to the local density of Lsg1 using a 'signal-subtraction' method 28 . As a result, we started to see slightly better resolution of some secondary features ( Supplementary  Fig. 4a ), but we still could not build a model to quantitatively analyze Lsg1. Nevertheless, the map suggests that Lsg1 contains a sequence extension that reaches out to contact Tif6 ( Supplementary Fig. 4d and Supplementary Video 1) . Notably, the binary interaction between Lsg1 and Tif6 was reported in a previous proteomics study 29 .
In contrast to that of Lsg1, the sequence assignment of Nmd3 and Tif6 in the map is straightforward, as both of them are well resolved ( Fig. 1b and Supplementary Fig. 1g,i) . Unexpectedly, we found that the polypeptide exit tunnel (PET) is occluded by an α-helix ( Supplementary Fig. 5a ). Interestingly, this fragment belongs to the C-terminal helix of Reh1, rather than to either of the two previously discovered tunnel-probing factors, Nog1 (ref. 21 ) and Rei1 (ref. 30) , as inferred from the agreement between the side chains of Reh1 and the map density ( Supplementary Fig. 5b-i ). This observation is consistent with previous findings that Reh1 and Rei1 have partially redundant roles 30, 31 , and that Arx1 and Alb1 are not present in Reh1 particles 31 . However, only the tunnel portion of Reh1 (residues 377-432) is resolved in the map; the remaining sequences are untraceable. Nevertheless, this indicates that the PET in pre-60S particles is continuously blocked during the maturation steps from the nucleoplasm to the cytoplasm by Nog1, Rei1 and Reh1 in sequential order.
Structure of Nmd3
The resolved density of Nmd3 allowed us to build an atomic model for residues 155-402. Most of the residues in this range are resolved at side chain resolution; at a minimum, backbone atoms could be reliably assigned, except for an α-helix (residues 167-182) ( Supplementary  Fig. 1g ). This structure makes it clear that Nmd3 can be divided into four domains (Fig. 2) . The N-terminal ~150 residues, although not well ordered in the map, show clear separation from the remaining density, indicating that they probably fold into a separate zinc-fingercontaining domain 32 and apparently interact with the GTPase domain of Lsg1 ( Supplementary Fig. 4c and Supplementary Video 1). Residues 155-310 constitute the major RNA-binding domain (RBD) and can be further divided into two subdomains (RBDI and RBDII). RBDI is composed of a five-stranded β-sheet and two α-helices in the order β1-α1-β2-β3-α2-β4-β5 (Fig. 2b,c) . In particular, β4 and β5 form a long β-hairpin with the terminal loop situated in the PTC (Fig. 1c) . RBDII is organized in a symmetric arrangement (β-α-β-β-β-α-β) of two short α-helices on a β-sheet backbone (Fig. 2c) . The third domain (residues 310-400) is a typical oligonucleotide-binding domain (OB) (Fig. 2b) , like those commonly seen in ribosomal a r t i c l e s a r t i c l e s proteins and translation factors 33 . The C-terminal ~100 residues, which include both the nuclear localization sequence and the nuclear export signal, are less ordered, which could be partially due to the presence of the affinity tag at the C terminus. Nevertheless, on the basis of the unsharpened map, it can be assumed that the C-terminal domain also binds to 25S rRNA and is responsible for pulling the terminal loop of H38 toward the CP (Supplementary Fig. 4a,b) .
Interactions of Nmd3 with the 25S rRNA
Nmd3 is deeply embedded inside the tRNA corridor on the 60S subunit and completely fills the space from the PTC to the tRNA exit site ( Fig. 1 and Supplementary Fig. 6 ). This location of Nmd3 is reminiscent of the unrelated bacterial assembly GTPase EngA, which binds to an equivalent position on the 50S subunit 34 , thus implying a certain extent of functional conservation of ribosome assembly in prokaryotes and eukaryotes. RBDI is surrounded by helices in the proximity of the PTC, including H69, H70, H71, H80, H90, H92 and H93 (Fig. 3) . Three contact sites (C1-C3) are responsible for mediating the interaction between RBDI and 25S rRNA. The C1 contact is formed between the C-terminal end of the α1 helix (His181-His184) and the backbone phosphates of H69 (G2250-A2252) (Fig. 3b) . Notably, this interface is not resolved in side chain resolution, but apparently this local interaction accounts for the observed conformational difference of H69 relative to the mature 60S subunit (Supplementary Fig. 3c,f) . Contact C2 is formed between the α2 helix and the helical junction of H69-H71 and H93 (Fig. 3d) . Specifically, Asn205 stabilizes a potential noncanonical base pair between A2971 (H93) and C2308 (H71) (Fig. 3d) . A large conformational change of A2971 compared with the mature 25S rRNA (Fig. 3e) could be attributed to the interaction from the C2 site. Contact C3, in contrast, is formed by multiple interactions between surface residues of the β-sheet and the backbone of H80 (Fig. 3f) . The most intriguing observation was that the β4-β5 hairpin loop exactly covers the nascent peptide entrance of the PTC (Fig. 3a) . His234 from the tip of this hairpin loop could potentially form specific hydrogen bonds with the bases of G2922, U2923, U2924 and C2876 (Fig. 3c) .
Similarly to what was observed for RBDI, the two short α-helices in RBDII participate in rRNA recognition (Fig. 4a) . The backbone of Gly268 (α1-RBDII) probably interacts with the sugar backbone of G2236 (H68) (Fig. 4b) . The side chain of Arg303 (α2-RBDII) stacks with the base of G2418 (H74) and U2965 (H93) (Fig. 4c) , resulting in a large conformational difference for the base of G2418 (Fig. 4d) . In addition, a β-hairpin of RBDII stabilizes the junction of H69 and H68, resulting in a base flip of U2269 (Fig. 4e) .
Interactions of Nmd3 with L1 and L42
In contrast to the OBs in ribosomal proteins, the OB of Nmd3 does not recognize 25S rRNA. Instead it interacts with two ribosomal proteins, eL42 and uL1 (Fig. 5) . The uL1 stalk is in an inward position; this conformation of the L1 stalk was also observed in nucleoplasmic pre-60S particles bound with Sda1 (ref. 21, 35) . Because it is an intrinsically flexible component of the 60S subunit, uL1 is not resolved at side chain resolution, but the map is good enough for reliable fitting of a previous atomic model of uL1 (PDB 4V91) 36 . It is apparent that one side of the OB has a very strong interaction with uL1 (Fig. 5b) . A β-strand in the insertion sequence between two neighboring OB strands parallels the C-terminal strand of eL42 (Fig. 5c) , which is a late binder that assembles in the cytoplasm. Therefore, Nmd3 might facilitate the incorporation of eL42 into cytoplasmic pre-60S particles. It should be noted that the C-terminal residues a r t i c l e s of eL42 beyond Gly94 are flexible (full length: 106 residues), which suggests that eL42 has yet to be fully accommodated (Fig. 5d) .
The C-terminal tail of Reh1 is in the PET
The presence of the Reh1 C-terminal helix in the PET suggests that Reh1 and Rei1 do not coexist in pre-60S particles 31 ( Supplementary  Fig. 5a,b) . The carboxy-terminal halves of these two factors are highly homologous, especially their very C termini (Supplementary Fig. 5c ).
Although the orientation of the C-terminal helix of Reh1 is very similar to that of Rei1 (Supplementary Fig. 5b ), the side chains of selected positions on Reh1 provide unambiguous assignments of Reh1 residues in the density within the tunnel (Supplementary Fig. 5d-i) .
Inside the PET, the C terminus of Reh1 makes contact with a number of ribosomal proteins, including uL29, uL22, eL39 and uL4 (Supplementary Fig. 7) . A major difference between Reh1 and Rei1 is found at the tunnel exit ( Fig. 6 ): Reh1 interacts with H7 and extends toward uL29, whereas Rei1 extends away from H7 and toward eL22.
DISCUSSION
Role of Nmd3 in quality control of PTC assembly and pre-60S nuclear export
In the structure of Nmd3 particles, nearly all of the 25S rRNA elements are in their mature state, which suggests that, as in pre-rRNA processing, conformational maturation of rRNA occurs almost exclusively in the nucleus. Nmd3 binds to late nucleoplasmic pre-60S particles and directly recruits the export receptor Crm1. Therefore, it is conceivable that association with Nmd3 marks the final nuclear step of assembly of pre-60S particles, and that Nmd3 might have a role in structural proofreading 4, 37 . In pre-60S particles bound with Nog2, the PTC, H69-H71 and rRNA helices from the CP are dramatically different from those in the mature 60S subunit 21 .
As suggested by biochemical data 20 , the binding site of Nmd3 indeed largely overlaps with that of Nog2 on pre-60S particles (Supplementary Fig. 8) . Because of the specific recognition of the nearly mature 25S rRNA helices around the PTC by the RBD of Nmd3, complete remodeling of the PTC (including the neighboring H68-H71) after the release of Nog2 has to take place to prepare the binding sites for Nmd3. In this context, the binding of Nmd3 to the functional center of the 60S subunit is not trivial, as it could be conveniently used as a means of quality control before nuclear export. Therefore, our structural observations provide direct evidence supporting the proposal that Nmd3 is involved in the quality control of nascent ribosomal subunits 4 . The persistent association of Nmd3 with cytoplasmic pre-60S particles 26 further strengthens this view. Blockage of the tRNA passageway and the entrance of the polypeptide tunnel by Nmd3 may help prevent the undesired association of premature 60S subunits with other cytoplasmic factors in vivo. In our structure, Lsg1 binds at the intersubunit face of H69, which could impede premature association with the 40S subunit. Together with the anti-association role of Tif6 (ref. 38) , this suggests that multiple mechanisms might exist to keep defective subunits from engaging in translation.
Another observation from the structure of the 60S-Nmd3 complex is that Nmd3 directly interacts with two flexible rRNA helices (H38 and the L1 stalk) (Fig. 1a) , which leads to centripetal rearrangements a r t i c l e s of those helices. Notably, this sequestering of the peripheral components might facilitate the passage of pre-60S particles across the hydrophobic 'FG network' 39 .
Functional implication of the C termini of Nog1, Rei1 and Reh1 in 60S-subunit maturation An unexpected observation from our structural data is the insertion of the C terminus of Reh1 into the PET, which makes for an interesting comparison with Nog1 and Rei1 (refs. 21,30) . In late nuclear pre-60S particles, the C-terminal extension of Nog1 also completely blocks the tunnel. Given the early entry of Nog1 into pre-ribosomal particles, it is likely that the C-terminal extension of Nog1 is involved in the assembly of the tunnel itself. Notably, Nog1 remains on pre-60S particles until the early stages of cytoplasmic maturation, at which point its departure is promoted by the ATPase remodeling enzyme Drg1 (ref. 40) . The release of Nog1 is required for binding of Rei1 (ref. 40) , which again entirely blocks the tunnel. Therefore, it seems that the PET is completely blocked throughout the nucleoplasmic and cytoplasmic stages of pre-60S maturation by three consecutive tunnel-probing factors, Nog1, Rei1 and Reh1. The physiological importance of these observations could be two-fold. First, these factors might test-drive the tunnel as a form of quality control. Second, the presence of their C termini along the entire path of the tunnel might help prevent potential translation inhibitors-for example, the tunnel-targeting antimicrobial peptides produced by insects and mammals 41, 42 -from accessing the tunnel. Furthermore, the binding site of Reh1 that overlaps with that of Rei1 in the tunnel suggests a role for Reh1 in releasing Rei1 from late cytoplasmic pre-60S particles. Although Rei1 was thought to release Arx1 (refs. 43, 44) , pre-60S particles immunoprecipitated with N-terminally Flag-tagged Rei1 were found to contain a high level of Arx1 (ref. 31) . It is possible that another cytoplasmic factor, in conjunction with Jjj1and Ssa 26, 45, 46 , is required for Arx1 and Rei1 to be released simultaneously 30 . Our structural data suggest that Reh1 might be that factor. Consistent with this hypothesis, pre-60S particles pulled down by N-terminally Flag-tagged Reh1 from both wild-type and ∆rei1 cells did not contain either Rei1 or Arx1 (ref. 31) . a r t i c l e s
Model for cytoplasmic maturation of pre-60S particles
Pre-60S particles immediately after nuclear export contain, in addition to Nmd3, a set of other assembly factors including Nog1, Rlp24, Arx1, Alb1, Tif6, Mrt4, Nug1 and Nsa2, as well as export factors Mex67, Bud20 and Mtr2 (refs. 1,47). In our structure, all of these factors are absent except for Tif6. This indicates that the majority of particles in our sample had already undergone many of the steps of cytoplasmic maturation (Fig. 7) . Specifically, Nog1 and Rlp24 had been released by the AAA + ATPase Drg1 (ref. 40) , and the subsequent release of Arx1 and Alb1 by Rei1 (refs. 30, 43, 44) had also occurred. Although the stalk proteins P0, P1 and P2
are not yet fully assembled in our structure, Mrt4 is absent, suggesting that Yvh1 had already carried out its function to release Mrt4 in our sample (refs. 19,48,49) . Our structure represents a snapshot of cytoplasmic 60S subunits just before the assembly of uL16 (state II in Fig. 7) . The fact that only a predominant population was present in our cryo-EM particles indicates that the incorporation of uL16 is likely to be a rate-limiting step for late cytoplasmic maturation. This could be a conserved mechanism across species, as structures of bacterial late-stage 45S assembly intermediates are deficient in uL16 as well 50, 51 . uL16 has a loop that resides in the ribosomal P site. It was shown that the integrity of this P loop is required for the release of Tif6 and Nmd3 (ref. 52) . Interestingly, superposition of uL16 with Nmd3 on the 60S subunit showed that the P-site loop of uL16 is very close to the tunnel-covering loop of the Nmd3 RBD (Supplementary Fig. 8g ). This suggests that the loading of uL16 could potentially destabilize the binding of Nmd3 or that a certain rearrangement of these two loops could take place, because Nmd3 also binds to uL16-containing mature 60S subunits 22 . More intriguingly, when we overlaid Sdo1 (refs. 53,54) , the factor that functions together with Efl1 to release Tif6 (refs. 26,55-57), we noted an apparent incompatibility with Nmd3 on the 60S subunit (Supplementary Fig. 8f) , indicating that the binding of Sdo1 and the subsequent release of Tif6 would require the prior departure of Nmd3. However, this is in conflict with previous genetic data showing that the release of Tif6 probably occurs before the departure of Nmd3 (ref. 26) . Nevertheless, two lines of evidence also support our structural observation. First, the timing of Sdo1 loading onto the late cytoplasmic pre-60S particles is currently unknown, but it appears that Sdo1 binds after uL16 incorporation, because mutations in the P-site loop of uL16 decrease the affinity of Sdo1 for the ribosome in vitro 58 and the release of Tif6 in vivo 59 . Second, a recent cryo-EM study of 60S subunits bound with the ribosomematuration protein SBDS (the higher eukaryotic homolog of Sdo1) and eIF6 (the higher eukaryotic homolog of Tif6) revealed a specific interaction between SBDS (domain I) and the P-site loop of uL16 (Supplementary Fig. 8h) 53 .
In summary, our structural data enabled us to reexamine the order of the two last cytoplasmic maturation events after uL16 loading, the release of Nmd3 (by Lsg1) and of Tif6 (by Sdo1 and Efl1) (Fig. 7) . In particular, the revised order, which places Tif6 as the last remaining factor on nascent 60S subunit, is in accordance with the hypothesis that Tif6 mediates a continuum between ribosome assembly and translation initiation 60 .
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
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